16 Sex specific pheromones are known to play an important role in butterfly courtship, and may 17 influence both individual reproductive success and reproductive isolation between species. 18 Extensive ecological, behavioural and genetic studies of Heliconius butterflies have made a 19 substantial contribution to our understanding of speciation. Male pheromones, although long 20 suspected to play an important role, have received relatively little attention in this genus. Here, 21 we combine morphological, chemical, and behavioural analyses of male pheromones in the 22 31 32
Neotropical butterfly Heliconius melpomene. First, we identify putative androconia that are 23 specialized brush-like scales that lie within the shiny grey region of the male hindwing. We then 24 describe putative male sex pheromone compounds, which are largely confined to the androconial 25 region of the hindwing of mature males, but are absent in immature males and females. Finally, 26 behavioural choice experiments reveal that females of H. melpomene, H. erato and H. timareta 27 strongly discriminate against conspecific males which have their androconial region 28 experimentally blocked. As well as demonstrating the importance of chemical signalling for 29 female mate choice in Heliconius butterflies, the results describe structures involved in release of 30 the pheromone and a list of potential male sex pheromone compounds.
Introduction 37 Sex pheromones are species-specific blends of chemical compounds that mediate 38 intraspecific communication between males and females (Wyatt, 2003 (Wyatt, , 2014 . Among insects, 39 pheromone communication can involve a single chemical, but often relies on a complex 40 combination of multiple chemical components (Grillet, Dartevelle & Ferveur, 2006; Nieberding 41 et al., 2008; Symonds, Johnson & Elgar, 2012) . This chemical complexity provides the potential 42 to convey sophisticated information, such as the inbreeding status of the emitter (Ando, Inomata 43 & Yamamoto, 2004; van Bergen et al., 2013; Menzel, Radke & Foitzik, 2016) , mate quality 44 (Dussourd et al., 1991; Ruther et al., 2009) , and species identity (Danci et al., 2006; Saveer et al., 45 2014). Perhaps the best studied insect sex pheromones are those produced by female moths to 46 attract mating partners, often over long distances (Löfstedt, 1993; Smadja & Butlin, 2008) . 47 However, male insects also produce sex pheromones (Eggert & Müller, 1997; Kock, Ruther & 48 Sauer, 2007; Ruther et al., 2009; Meinwald, Meinwald & Mazzocchi, 1969) , and chemical 49 signalling can occur over short distances (Nishida et al., 1996; Mas & Jallon, 2005; Smadja & 50 Butlin, 2008; Wicker-Thomas, 2011; Grillet et al., 2012) . 51 Sex pheromones can play a key role in determining the reproductive success of 52 individuals within a species, and may also result in reproductive isolation between species if 53 signals diverge (Johansson & Jones, 2007; Smadja & Butlin, 2008; Wyatt, 2014) . Within 54 Lepidoptera, the importance of chemical signalling in mate choice and speciation is well 55 established among moth species (Phelan & Baker, 1987; Löfstedt, 1993; Bethenod et al., 2004; 56 sources. Finally, behavioural experiments were carried out in the mimetic and closely related 161 species Heliconius melpomene malleti and H. timareta florencia reared at the insectaries of 162 Universidad del Rosario (UR) in La Vega, Colombia. These stocks derived from wild caught 163 individuals from Sucre, Caqueta (01°48'12" N, 75°39'19"W, elevation 1200 m). Larvae were 164 reared on Passiflora oerstedii and adults were provided with Psiguiria sp. as pollen source and 165 ~20% sugar solution. 166 167 Morphological analysis 168 The detailed morphology of androconial scales was determined using a Field Emission 169 Scanning Electron Microscope. Three males and two females of H. melpomene from Ecuador 170 were used for this analysis. The androconial grey scale region was dissected out from both hind 171 and forewings and attached to aluminium stubs with carbon tabs and subsequently coated with 172 20nm of gold using a Quorum/Emitech sputter coater. The gold-coated androconia were then 173 viewed in an FEI XL30 FEGSEM operated at 5kV. Images were recorded digitally using XL30 174 software at 500x magnification. Characterization of potential male sex pheromone 178 Wing tissue from ten males (five newly emerged and five 10-day old) and five females 179 (10-day old) from the Ecuador stock was collected between November 2011 and March 2012 for 180 chemical analysis. Wings were dissected into four parts: forewing androconia, hindwing 181 androconia, forewing non-androconia and hindwing non-androconia. The 'androconia' regions 182 corresponded to the grey-brown region ( Fig. 1B and C) , with non-androconia corresponding to 183 the remaining portion of the wing. In females, a region corresponding in size and extent to the 184 grey-brown region seen in males was dissected. The dissected sections were then immediately 185 placed in 200μl hexane or dichloromethane in 2 mL glass vials and allowed to soak for three 186 hours. Initial analysis showed no major differences in extracted chemicals between hexane and 187 dichloromethane extracts (data not shown). Therefore, the more polar dichloromethane was used 188 in later analyses. Due to a larger available stock of H. melpomene rosina for behavioural 189 experiments, androconial tissue was also then collected from 20 males and 11 females (both 10- 203 In both cases, injection was performed in splitless mode (250°C injector temperature) with 204 helium as the carrier gas (constant flow of 1.2 ml/min). The temperature programme started at 205 50°C, was held for 5 min, and then rose at a rate of 5°C/min to 320°C, before being held at 206 320°C for 5 minutes. Components were identified by comparison of mass spectra and gas 207 chromatographic Kovats retention index with those of authentic reference samples and also by 208 analysis of mass spectra . The double bond positions of unsaturated compounds were determined   209   by derivatisation with dimethyl disulfide   (  B  u  s  e  r  e  t  a  l  .  ,  1  9  8  3  ) . To confirm chemical structures, 210 alcohols were synthesised from the corresponding methyl esters by reduction according to 211 established procedures (Becker & Beckert, 1993, p. 570 
Results

281
Morphological analysis 282 We identified a marked sexual dimorphism in scale structure (Fig. 2 ). In the central 283 region of the male hindwing androconia along vein Sc+R 1 we identified specialised scales (Fig. 284 2A), which were absent in females and in the forewing androconia of males ( Fig. 2B, 2C ). These 285 scales had brush-like structures at their distal end (Fig. 2D ), and were not detected in any other 286 wing region examined. The brush-like scales were found in alternating rows with scales with a 287 normal structure. Moving away from the Sc+R 1 wing vein, the density and width of these scales 288 decreased, with isolated brush-like scales found completely surrounded by normal scales. In 289 addition, the base of these brush-like scales was more swollen and glandular as compared to 290 other scales ( Fig. 3 ).
292
Characterization of potential male sex pheromone 293 We initially investigated candidate wing pheromone composition using a stock of 294 butterflies from Ecuador. By use of GC/MS and synthesis, six compounds were consistently 295 found in the male wing extracts from these samples ( Fig. 4 ) that were identified as the aldehydes 296 (Z)-9-octadecenal, octadecanal, (Z)-11-icosenal, icosanal, and (Z)-13-docosenal and the alkane 297 henicosane (C 21 ). 298 Firstly, a comparison of different wing regions of 10-day old males was carried out (Fig. 299 5A). Henicosane was found in all regions of the wing and was not considered in further analysis. 300 The amount of (Z)-9-octadecenal was not significantly different between area categories. 301 Octadecanal, (Z)-11-icosenal, icosanal and (Z)-13-docosenal showed significant differences 302 between wing areas. Post-hoc testing found that these four compounds were significantly more 303 abundant in the hindwing androconia than the rest of the forewing and hindwing, but not the 304 forewing androconia (see Table S1 for statistical details). 305 Secondly, the hindwing androconia of old males, old females, and young males were 306 compared ( Fig. 5B ). With the exception of henicosane, the other compounds were observed to be 307 age-specific and sex-specific. (Z)-9-octadecenal was found more in old males than young males 308 or old females but this was not statistically significant. In contrast, octadecanal, (Z)-11-icosenal, 309 icosanal and (Z)-13-docosenal showed significant differences between age and sex categories. 310 Post-hoc testing found that these compounds were all present in significantly greater amounts in 311 old males than young males or old females (See Table S2 for statistical details). 312 As stocks of H. melpomene rosina from Panama were available for behavioural assays, 313 we then investigated the chemical composition of this population, using a larger sample size. 314 These Panama samples showed some similarities to the Ecuadorean samples, although they 315 contained more compounds and in higher amounts ( Fig. 4 ; Fig. S1 and Table S3 ). Females and 316 males grouped separately with NMDS visualisation, and these groups were significantly different 317 ( Fig. S1 ). In this larger dataset, (Z)-9-octadecenal, octadecanal, (Z)-11-icosenal, icosanal, (Z)-13-318 docosenal and henicosane were all found in significantly larger amounts in old males than old 319 females, along with many other compounds (Ta. S3). Small amounts of nonadecanal, methyl-320 branched octadecanals and their respective alcohols occurred that had not been detected in the 321 Ecuador samples, potentially due to the difference in equipment sensitivity, genuine geographic 322 variation, or the fact that the Ecuadorean butterflies have spent more generations in captivity. 323 Additionally, syringaldehyde was present, which was not detected in the Ecuador samples.
325
Behavioural experiments 326 In our mate choice trials, females of all four species/races discriminated against 327 conspecific males in which pheromone transmission was experimentally blocked (Table 1) . 328 Across all four taxa tested, only seven of 71 matings (9.8%) were with thepheromone blocked 329 male, with the remaining 64 matings (90%) being with the control (unblocked) males. This was 330 not due to altered male courtship attempts as control and experimental males courted equally in 331 three out of four species (Fig. S2 ). In experiments with H. timareta florencia, the control males 332 courted more than experimental males ( Fig. S2 ). 333 We observed no consistent significant differences in female behavioural responses 334 towards control and experimental males ( Fig. S3 ). Heliconius (Mérot et al., 2015) , although the previous study did not compare different wing 360 regions, or males and females of the same age. As the previous study also did not use synthesis 361 to identify compounds, our work is highly complementary and extends their results to confirm 362 region-and age-specific localization of compounds to older male androconia. Male Heliconius 363 do not become sexually active until several days after eclosion, so the absence of these 364 compounds from females and younger males is strongly suggestive of a role in mating 365 behaviour. The compounds are unlikely to be obtained from direct sequestration of compounds 366 from larval host plants as they are not present in young males or in older females. This suggests 367 that there could be genetic control of the production of these compounds, and so they have the 368 potential to play a role in reproductive isolation between species. 369 The restriction of these five putative male sex pheromones, (Z)-9-octadecenal, 370 octadecanal, (Z)-11-icosenal, icosanal, and (Z)-13-docosenal, to the hindwing androconia of 371 mature males ( Fig. 5A ) suggests that pheromone storage or production is restricted to the 372 hindwing. This is supported by the scanning electron microscope images which show special 373 brush-like scales in the androconial region ( Fig. 2A ), located primarily around and along the 374 hindwing vein Sc+R 1 , similar to the depiction in Figure 73 of Emsley's previous morphological 375 analysis (Emsley, 1963) . Similar scales have been described from light microscopy in other 376 Heliconius species, but not previously in H. melpomene (Müller, 1912; Barth, 1952) . The base of 377 these special brush-like scales was more swollen and glandular as compared to other scales ( Fig.   378 3), perhaps indicating a role in storage or production of pheromones by these scales. Trace 379 amounts of chemicals on the forewing androconia may be due to contact in the overlapping 380 portion of the fore-and hindwings, and both wings may play a role in dispersal of the 381 compounds during courtship.
382
Samples from Panama showed both a greater diversity and amounts of compounds (Fig. 383 S1 and Table S3 ). This might reflect an issue with inbreeding in the Ecuador population because 384 they were obtained from a commercial breeder, or technical differences between the two 385 locations where the analysis was performed. However, it could also reflect differences in rearing 386 conditions or genuine variation between geographic populations of H. melpomene. Further work 387 will be needed to confirm the nature and extent of geographic and individual variation in 388 pheromone composition. 389 Females exhibited a strong preference for males which did not have their androconia 390 blocked. This suggests that, as in other butterfly systems (Costanzo & Monteiro, 2007) , female 391 Heliconius are actively involved in mating decisions. Nonetheless, there were no consistent 392 differences in the female behaviours we recorded in our experiments. It is possible that the 393 important female preference behaviours are subtle and were missed in our study. 
